NMR in magnetic molecular rings and clusters (II) by Borsa, F. et al.
 

	
 	
	



   !   
 "   
"  
 #
"


$   
    " %
 &'()  
"!

"
"
&)!
"&)!*+"
$!
"
 ,-!.-/*0

%
$ "
'( !

$



&'()!


1"1"
,.2/*'(
 
 31"" ,.4/!  $ 
" ""
  %
5"*
$"
'(! 
   
$$ 
""

"6


  ,./* 7 
"   
" 
  

"
" 
%
 
6  
 

$"""

 * 0  $"  '(   $ " 

89	:  

",.;/!2<'&+=>)
$,>/(

$,>/
*? 
"


"*
@
   $'( 	
  

 "
  
 
  "
 !	
&

)"
$

'(A* "8"

"" 



'(*
 8" 
"
$" 
 
 
  

&'()*0 8" 
%""

  $ 

<

BΣCCΣD&)CΣ>ED!E&!E)Cµ+Σ&)




"*0

"
%
8
 

!    
 
"

  
$% 
  

 % 
 & $  35$%	
$ &3	)

"⊗)!
$!F"
"*71*!C
   
 
    "  
 
* 	

1"
"

"  "
  "
 
 ,-!.-!>/* 0 
"
   
    

!


1"

!

" F
"
&	)     *"
"!


"$"

!



'(
"'(,>/*=

$
$ 


$
!
$

"
 "
*
 ;
	
"
%
 "
 0
*-!24

	
!2&')(
*


"0
%





  
 '( &
 '()* 0 "  
$ 
 
  


   
 "5    "
$  

"

*0
%


>*4!;*2>0*0
'(

8 
   5    ∆ &8)∆&) C 36. % µ+8
  
$

"
3.*#∆&)-*-#
"0*0
82*.#6*..#60
≈>*40 
"9	:*"
"



"   
 " 
   
  '(   
 

0
%
8
*2&')
$" ""0
%


*40 
" 
1"
" 
"
θ∼-G5 8*(
0%
2*-0
.*;-0* 0"
"
 

"   
$  
  

$*
"3*.#∆&)*- 0
9	: 
"


"θ∼2-G&
)θ∼-G&

)*
*-<	


8%60   

"
   "


0≈*-#*
*2<	


8%60 2&')
$
"
  0*-  .#! 

θ≈G&θ8
"
 )*



* 4< 	  


8%60  (
  
$
"
0*-#!
$

     θ
8"
 *

0 2 4 6 8 10 12 14 16
0
1
2
3
4
 
 
1/
T 1
 
(m
se
c-
1 )
H  ( T )
8 9 10 11 12 13 14 15 16
0
1
2
3
4
5
Fe6(Li)
 
 
 1.5 K
  3 K
1/
T 1
 
(m
se
c-
1 )
H  ( T )
0 4 8 12 16
0.0000
0.0002
0.0004
Cr8
 
 
 θ ~ 65°
 θ ~ 50°  
T 1
-
1  
(m
se
c-
1 )
H (T)
 .
8
0
%
8



'(&
'()
"
"
$"

"9	:"
"*0


%
 '(
'(


$
*D"$!

"1"
"*

'(

$"'(!

"
  
    
  ∆1  
µ+H%H "  8 F"

$ν'*! 
"6

    
$  
  
 


! **  


 ,4!.;/*0
%
 



 % 
  
 0  0

  
$!  "  
$


IJ!


$ 

F"


 "
"


*0

 " 

  

0 "



$
! 
0%
%0
%
'(*@
!0

≥ 0!
%

 "$*8
!"

$

"'(&"
F"

$!**

"#)
0&8)
"
F"
$*

"
! 
"$


!""
1
"

   *   '(  
 & 
  
 
)! 

 
    " 
 
" 
 
 &**
:"%!@
%,4!./)*00"$
$"$
"
! 
$
 
"  %

%
 *0" 

60
'(
!        "5   E
"


 !
<

60
B&ω')&.)


&ω')
$
'
"

1$
ω'
$
*""

 % 

     $  $  "! 
"

60&0!8)
Γ6,ΓC&hω'%∆&8))/&>)


Γ "

%"

*


 $
$1"
! 
$00*0
 
$ 
"

71*>!0%Γ!
"*9
'(



∆(Η) K,
µ+&8%8)/C∆L6&-)

 .

∆"

IJ
*071*>

 '(   E $             

#
  
$* 0
 
 

  0
%
 8 
<
) 
∆MM Γ&0)!       
" $ ∆   $
"$Γ&0)*N$!
8860&0)∝ Γ&0)*0


%'(*
)
∆OOΓ&0)!$

"$Γ&0)!

8860&0)∝ 6Γ&0)*!$
'(! 
  
   
'( 
 ∆   "  9	:

 *
)
∆∼ Γ&0)!∆Γ&0)*
9
0
%
&88)*0" ""Γ&)H∆%ω'H*
'      
"
*  
$ !   





"

'(&*-)*

*-OO>*#!6&)!Γ 
"

 * @   
  ! 6    

,.;/&$

*,./)*$
71*>) "∆ ! $   

   
   ) ! **  
 '( 
 " '(* 
 
 
%
 

"
,>/*
2&')608&*2)1

"
"

$*09	:

"
   
  
    '(  8* 0  

∆6+*2#,>/*

 

" ""$71*>

"

*- ⋅ 
4

 
%
* 0  
 * 2  *-# .#


 $
""

$1
$"

Γ P,>/*? 
%
Γ ""&Γ *20.#)
    $  "  60!      60  

"$  
∆* 0 

     %
&)*0
 
'(

"  



"$""

71*,>!>.!>>/*
(
!'(

9	:&*4)*+


  $
   

  
*060



2<'&+=>)$
∼*-

 
 
  $  
P> 
   
* $!  
 

$
 
  
 
" 8 9	: 
 
 "  $ 

*÷*0!

""
60

*0'(
"
(
2!

 " 
  (
  "
  
 

   
$   

*0  
" 
 "   1 
"
,>-/
""
2&')*
8
!
"&8) "

" 
∆
&∼*#)*1
"

"
!∆Γ 71*
 .
>
"0*0
1
 0"
"80
 

$ * ?        
"  
"  
 >!  
$  $   
$ $   '(

*0   
$"




 8    8A    
   $ 60&8!0)  &%
∆&8)6+0)*0     60   %  
"

∆&8)
"
%

 

$71*





	
	


 
"

$"

&≤>#)	


"
"5"
5"
9	: 
"   $
5
 9	:*0
--
	
9	:
"5
 
	

$Q*,>2/*
$


$,>4/*0
--
	
"**0



1$

"	>C




"	
.C

$

1


,>4!>/*0-49	:5
 
$

 ,>;! -/   " 
"    * ;* 0  

 


1"*0



""
"
  "  ,>;! -/* 
 
  
   "  
9	:  5
       
 $   
1$ 
  


1$
&%>	85)
"$1

"*? 
5
"
"

*@

9	: 
"

$*



"



*0

"*-#*
,-!-/*0

"	"

**


   5
  9	:    $   $
   




*>4>*





**
--
	%9	:
	

 
 "
 
0*-#
5
"*







225 250 275 300 325 350 375 400
P3P2
P1
55Mn-NMR 
T=1.5K
Mn12-acetate
 
 
Sp
in
 
ec
ho
 
in
te
n
sit
y 
(ar
b.
 
u
n
it)
Frequency  (MHz)
 ..







* ;*
-4
%9	: 
  

 "
  0*-#* &)
8*-  *40 
   $
  &) 8* &) 8*40


$% *








* < 8%9	: 
"  

 
  .2*	85
&8
*2>0) 0*>#*  
      
 
8***>!8


 * 8
 8  
  
$% *
* < 8%9	: 
  	

 
 "
 
2*-	85 
 
 

"

*8
8

$% *




62 63 64 65 66 71 72 73 74
&)
F




1$&	85)
 
In
te
n
sit
y 
(A
rb
.
 
Un
it)
(b)
*40

*40


*-0
&)
3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6
19F in tefron
P5
P4 P3
P2 P1
1H-NMR
160.5MHz
Mn12
2.8K
3.5K
4.2K
 
 
Sp
in
-
ec
ho
 
in
te
n
si
ty
 
(a.
 
u
.
)
H  (T)
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
19F in teflon 
H4H3 H2
H1
Hp  
 
Sp
in
 
e
ch
o 
in
te
n
si
ty
 
(a.
 
u
.
)
H-H
res
  ( T )
0.4 0.6 0.8 1.0
-0.2
0.0
0.2
H3
H2
H4
Hp
H1
 
H i
-
H r
es
 
(T
)
 H
res (T)
 
 
 .>
@ "
  "
 "       



1"
$*

	*0

$$$9	:
""
5

	*

) 	

     
 "    
--
	 


1

""
$% 	*? 

!=

1$

==.&
	
.C
)

1$*


1$


"
&)
 
& ) **ω:ω9&C )! 
  


	
	
.C

	
>C
*

"$
"
%
5,>4/!



	""*0

	
>C

 
!
	
.C

 
!





"
	
&*.),-/*



* < =
   

 
1$ 
 
--
	%
9	:0*-#

* .< " 

  
"
	

	""
*


 
"

$ 
&   ""     
 
)!     


1   * >*
! 


1$ 

   
   
!  

"""  
**HHH
C H*0HH
	
>C
	
.C


	
>C
 ""  
  	
.C
 ""*0
""	
>C
	
.C

0 2 4 6 8 10 12 14 16
100
150
200
250
300
350
400
 
 
 P1 (Mn4+)
 P2 (Mn3+)
 P3 (Mn3+)
pe
a
k 
fre
qu
en
cy
 
(M
H
z)
Parallel field (T)
	
.C
&)
	>C&.6)

@
%

	
.C
&)
 .-
$






$
" "

*
1$





,-./*





*><0



 
1$ 
 
--
	%
9	:0*-#*









) 
"
$

"*-#
"  

*0
-4


1
 "    "$      * -* $
  

" 	      
 


*2,->/*? "


"$ 
""  $



11

*4*1$
"

	!*

">0



$

$
.C
""*


*-*






*-<=



1$

-4
%
9	:0*-#





0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.550
100
150
200
250
300
350
400
 
 
fre
qu
e
n
cy
 
 
(M
H
z)
Transverse field  (T)
0 1 2 3 4 5 6
56
60
64
68
72
fre
qu
e
n
cy
 
(M
H
z)
Parallel field (T)
 .2



* 2< 

   

 ""  

*

*4<0

 


1$

-4
%
9	:0*-#*


 !"#



$ 

$"

!""$"

  
"    "5 " $ "*  
"

 
   $"  " $ 1" *  




"9	:
"  1"    "5 &N0	)* '  
 
$
""
5N0	"*0
	


***0

$  
 $   
$ ,.! >! --/*  0
"#
"
 
$ 

"$ 
"
5$ *0
$

8//5

"8"71*;<

7"%3"

%+"
>
Cµ+8"&2)

"µ+8*..8&#)
80*
	3*--#!
+* 
%.
#R
3*4#!+8"%35

%
+5
>C+⋅!! 
" 
"7& 
%$
)! 7*>2#!"  * 0 
"
"71*&2)
$%"$*
+1""


$"$"±


"5" 
"$S
&  $ 
 	  *> #)    
$ 


  
  

 

" 
 ,.! >! --/* ?   
  
  
"5"


$"85$ 




"

0 1 2 3 4 5
56
60
64
68
72 H//medium axis
 
 
fre
qu
e
n
cy
 
(M
H
z)
Transverse field (T)
57Fe-NMR
T=1.5K
(

'



@
 .4
"5,>!--/*01 
 

"5 " ""  5
     
    
" 
 
 * 0      
  
$
"71*2
"

	
$*
  
$  
   
$   
 

 "*05
"8"71*
;!
"

*



"
"
$

N0	*@
N0	
$"

$
 %! 
"

6

$

,-2/*
9	:N0	1
$
$

*

) 
 

!
 "#$

0   1 "* ?        9	: 
"  
"

	


"5"*0 


" 




 "5 "* 
 
 
 $

&
" $G)
9	:   %1
"*0 $ 


 
 
"5
 
    $ "5 
" 
    1
"    * 0 "  


 
 
 9	:  	 $     $   '
"


1$  
   
$ "

,-4/*
"



 "" 
   $ 

	
*0


9	:	


*-*
0"5	
$

1
"
 " $%
$ *+$ 
 "


$

$G
%1
"

$ "5  "  
    
 
&"%"C
)*"

"0


$
$
$

$$
    
  ,--!-2/* 
     
"

*0
""*


"1
"


!
$ 
"*B



"!

"
$
     
" 
"  "   * *   
!  "
  
"  " *   
 
  $  
" !  
!    . "!  
"!  


   
  1
" * 8
!   
 
 

 "5"




"
 .


19	:
""*
0        $
  
!  

"
'"
8!



*
"&
 "!>"

 )!  
""   "  

   


*

* < 0"  

8%9	: 
" 	 
 

"
  .*	85  0*>#! 
8 
   $% * 0

"   " 

   
" 1
" * 0
  
" 

   %1
" 

*0
"

""


"

*




1$ 
&*)" "


 
"*0 $ 
&=P=-
*)
"
"1
"

"


$ ""% 
 *""$ 
 


 
""%""C*0
$

 
  
 

   
   "
 



   "%
 *0

!"

  "
"5$"
   $    "** ;  
$"$&)"
*>0&
= )   0*>#* 0  
"
    $ $ 
 


&)&% K%6τ&8)L)C&4)

0.2 0.4 0.6 0.8 1.0 1.2
1H in stycast 19F-in teflon tape
of
f e
qu
ilib
riu
m
inversion of H
equilibrium state
equilibrium state
ν=30.8MHz
T=2.4K
 
 
Ec
ho
 
in
te
n
si
ty
 
(a.
 
u
.
)
H  (T)
 .;

τ&8)
 "C$

"1
"
!0*7**
!
$$
 &1*) 
 
! 

 .T   * 
"     % &)60*7*  "  !  
"τ&8)**."


  ""
 9	: "

$ 
"
 
"5ND3*


$
 

 "
"

$
!


""

"*

!""
τ&8)
**8&$
"5)!8*>-0
8*;0*7 
""!$

*.!8%
 τ &8)   
"    τ&8) τ  K&24%.*.8)6+0L τ P
%2
&)

" 





$"$ " *0


 ""   
  " 
  
  
  " 


*9	:""

 
  "5   "   
$ 1   
"$"
"9	:
"5*0

9	:"

"

"""
 

   "5* 0 "   
" ,>! -;! 2/ $
"
 
--
	 9	: 
"  	   
 
$ "
   
 
9	: ,-/        
$  "

 



"5

$	
,2/* 
9	:
$"



"'%F


 

,2/*
0 100 200 300 400 500
0.01
0.1
1
τ ~ 5394 (sec)
H=0.4212T
T=2.4K
1-
h(t
)/h
T.
E.
t (min)
0.00
0.25
0.50
0.75
1.00
h(t
)/h
T.
E.
 
 


* ;< 0"    
$ 	

 
 8*>0  0*>#  
 
   
  
$ "

 " *   

 
 &)60*7*  % &)60*7*!

$*
* .<    

  " 
 	 &


) "5 "
 
0*># $

8%9	: & 
)
 ND3 & 
)* 0 
  τ&8) τ K&24%.*.8)6+0L
 *8

$% *
0 .0 0.5 1 .0
1
10
100
1000
10000
100000
M n12
T =2 .4K H 2
H 1  
 
τ 
 
(se
c)
H    ( T  )
 >
 %&'"&(&( #


&
)*+,-.

N""5
 

%
 &9':)*
 "
9':



$ >"# 
 

"""

."#,2/*0

0  


"1"
   "5*  "
 
 $      1"
  9':   
"     0  
  
*
0

N0	5
 
"
 

 
$ 
  

"
$  "∆0       
"  "8"


"
$ $!
"


$


* 9
"$    ∆0  	   
 "
"

"
"∆0*0
N0	"
 
"  "5  

  
  
  
 
*.*8
!




  
 0* 0     * . 
     
 0  	 * 0 
  

   



&**!%;)"*-0*0

	
$
"71*.**.$
""
""5
=

U
   $ "
 "$    
 * 0  "$ 
$ 
%%1"
60
$"
*

"$  *.""9':	

   
     
 "   
 



 
"
$"N0	"$


*@

$
--
	9	:	
$"


&  "#) 
 
 & "

  ) 
,2/



*.<=


8%60  	 &0.#) 
 &0*#)! 
 
*
0




 

 

$




0.0 0.3 0.6 0.9 1.2 1.5
0.0
0.4
0.8
1.2
1.6
 
 
1H-NMR
 Mn12 T=3K
 Fe8 T=2.1K
1/
T 1
 
(m
se
c-
1 )
H  ( T )
 >



@  
  $ $  "  

   $  
&

 )!   
∆0      $""
$  
,-2!2./*





1$

$*
8>0!!

  &)  "5 
 $  &
 6


)"


1$"&	85)
9	: 
"*0

"


"$ 5&

)

%
 

!60!

$ 
"

*-#*.*0 $

$ 
  

   
  
$ "
$"
'
"

1$*? 

     
   "5  "  



 " ""
60*0


"


!$
 
$  - 
  $5 * & * .)*   
 
" 
"  
$   ± "   1$ 
$
60"




 

"$"*1





*2>*

















* .< 0

   

8%60  0*-#    
$  
"" &
)*@1




$-
 $%
*


2 4 6 80
2500
5000
7500
10000
T=1.5K 
1H-NMR 
single crystal Fe8
 
 
1/
T 1
 
 
(se
c)-
1
H  ( T )
 >
	
"  9':     

  
  

" 


	
9	:
--
	9	:,-./*8
!

9':

 

   
        
$ 
"   
"5*0

*..
!

"

--
	%60&=R	
>C
)*? 


"
! 60 
 
$       
 " "" 

-*-0* ?          
"  "

" " 
 =

U  "
 

   * 
""
 
 
"*..!



9':
--
	

*0
 ,-./$
"" 
    "5 



*15 


"
*0





"

15 
  
 !     
$   
 


 *
"






*-.*






*..<0


60 

--	%9	:   	>C 
&=)"
0*-#	*0
   

 
60

8%9	:*


* .>< 7 
 " 
  6V  	 


! " 
"
 
0
%
6&W9

V) 
  *  





V
%
 
"
   
*

0 2 4 6 8 10
1
10
100
 
 spin-phonon int.
 + canting comp.
T=1.5K
Mn4+
Transverse field  (T)
1/
T 1
 
(s-
1 )
 
 
0 2 4 6 8 10
0
20
40
60
80
100
120
1H-NMR 
T=1.5K
 
 Transverse field (T)
 
 
1/
T 1
 
(se
c)-
1
0 2 4 6 8
10
100
1000
10000
100000
1000000
Parallel field dependence
 Mn4+ (P1)
 Mn3+ (P2)
 Mn3+ (P3)
 Spin-phonon interaction
Transverse field dependence 
 1/τMn from 
55Mn-T1
 1/τH from 
1H-T1
 Spin-phonon interaction
 
 
1/
τ 
 
 
 
(se
c)-
1
external magnetic field (T)
 >.
0

60

*-#	
 *..*(

$ 
--
	! 
60 
 


!
$8
%
! 
$$71*"
I"J&ω9MM)!
0
%

 "6&ω9

)*0$



60

--	
8

"


$"&"*>0"

	!P0
	>C)ω9∝8 

ω9
$

" 

"*

9':
"


$&*
..)*0"'
"

1$
$
    	  

  
 2%4 0* ?     $ 
 


	 

	



$

9	:

 
	*0 60 

     
"
"τ"
--	*0
$ 
τ 
"10
%6&ω9
)  
" 

--
	

8*0 
"


*.>*
  
!    
 "
  

    τ %
 
"   
*0 
   
" 

"    

  
      "5

%
*


&' 
()

		$*+,
		
	-	*-.&.&/




$
9	:
"
"
"





$



$
*

'	
	$*+,		
	
0
&)-6"
!,&@	)&")/&
)!"

*0


 &
)
  
" $ $ "
"    #R 
 9	:
"
" 
 

"   ,2-/* 0 
 % 
  

&9':)"

.24	85

 
1$ &%24	85)0;-#*0

 * .-*

" "

 

8 9':    
1$ &   * .-)


$
	
=

*
0 "

    
 9':   " 
 

  "

    

   	  
 
=

 U * 60  
 "$ 

  χ0 
 χ   
"
$"
80*


 >>

* .-< 0"

  

8%60   
* 0 
 "   
60
""

*
* .2< 0"

  

8%60>I
J
*


0


&)!>&@(8.)2&")2&
>)!

5
$
0-
$,22/*0

"

   

" E 	     
$



"
*03*;#71*2


$



	±-	$4*-#*0>

 $

89	:   "

 &*- % ;-#)  

"&*.%4*0),24/*0
9':
*.2*
$0
&*-#)
""
$

5
.C
""


"*0"

0
%


5$ 
 " ""    * .2* 
  "     60
"
9	:"



*0" ""

9	:

     "  & * .2)  1$ "
   

	,2/*	!
.
(,2;/

39	:,4!4/


"
"
1 
"
*
*49	:
*
>
	" "   "

 

    B
 "$ "
     
 	 
   U* 
$"$

 

""





 ""
""

*

0 
 K	4.@-&	@4&8@))&	@8&8@))%&(8.(@@)&8@);L⋅
⋅-8@ ,/! .  
!  . &)  $  . 
  

*0"




5$

0@%	%@
"

"&)
     B  *-4 #  
%
  * 
0 50 100 150 200 250 300 350
0
5
10
15
20
25
30
Fe4- 1H NMR  7.2T
 4.7T
 1.4T
 0.73T
 
0.5K data point
 
1/
T 1
 
 
(m
se
c-
1 )
T  (K)
0 50 100 150 200 250 300
0
5
10
15
20
25
30
35


T 1
-
1  
 
(m
s-
1 )
T  (K)
  > 2 

-

-
0.#
 
 

60


&"
)
%
ν &	85)
 >-


"



8
"





$"
 ,!4/*

8
"
&9	:)
 "
"
 

"   #
  	4. ,4./* 0

8 9	: 


$
0
>#! 

%"
0*0

""


0
%

*.4&)&)*0"
0
%

""

&.4&))$71*4  
 
	
*0-"%!+*0(*"% "

0*0"+!

Γγ+
*4&
6)!$
8"
$"*
*.4&)
"0
%

0#
!

"



"$&	)
&=


U )*  "  "   
 
  
" 
"  

 
"0 0 
 
.! 
"µ:  
"
! 




8∼*>0!

",4>/*


*.4<&)	 

8%60.#.
*
&)0"

60"
8*4-#&1
)
8>*40&
)*




""

  
 "
&)  &

 "
   

  -)    " 

*   ""$


 ,4-/  

 " 

" &)    

$
9"




$
-#O09O
>#* 	

! 
 0 O .#! "5 "
" ,42/   


" 
     
5    " ""
  "    
$   
  
 *
:$  
   " 
  

   
 $ 
0.1 1
0
1
2
3
4
5
(a)
 
 
 Fe30
 T=300K
1/
T 1
 
( m
s-
1 )
H ( T )
0 5 10 15 20 25 30
0
1
2
3
4
5
6 (b)
 
 
 H=0.75T
 H=4.7T
1/
T 1
 
 
(m
s-
1 )
T  ( K )
 >2

",44!4/
$

,4;/

"
1"

 "   "

*   
$ 
 


"
"







!




9	:


"

.C
*
=
9	:


"


"


"#
>*#>*40,/*0

""$

9':  
"
"
"


"
"  $   
   
* 0 
 
  


$" ""9':
"


 #    
    

   

"

*0$
"
$*	
 
"
 
  
 
  9': 
 

 "

  


"1"*

		
0	0-.	0-	*
+ ,&=@)2(2&@=)2/ & 
 (2)  ,(
>&@((8.)&8@)>/&9@.)⋅
⋅8@ & 
 (
>) 
 "
 "  
 
 

"
  
*(2  

    X(
C
  B2# 

0.
$
$.#
"
 0
,!/*0
$
$3*>.-#*0

 
"8!
$4""0.

$<

7"6+*>.-Y"

S*..Y"Y8&#!+0)*&)

@
(
>

"$
.6(

.C


"



,./*0 B#

02*0
$
$$"*
	
"  
 9	:   

"   $"   
"



"


0
,!./*
   

$ 	

"



$
(2
(
>*0
$







"5"

*0	

"
	


"* 0

   "


  
"
" &*>%>*#) 

""5 
9	:
1$


&**!
5)*0$"
"$
$$

"50.02

(2(
>
$*0


9':
*.&)
*.;&)
(2(
>
$*
0 9': 
     
$  $  " "  %

         "5   
* @ 
"

$




 ( &(
) " ""   

   "   
 >4
"5   
   
 5      **
( )           ± = ⋅ = ⋅ +& ) & ) & ) & )δ *0
"71*>
9':<

60&6)γ(Oδ	&)M &%Γ) &%ω')Oδ	&)MΓ6&ΓCω')&;)



  
5 
"$*0 

 
1$Γ
$
$
0.&2)(2&(
>)


 
"
!1""$!

 

"*0
  1
 
 $<
( ) ( )δ µ χ
/ 


 
 0 /
1
 0 /
1
2
2




& )
& )
& ! )
  6   6





= =
−
−
⋅ −







    &.)

7" $71**0 * .&).;&)
 
*.&).;&)µ+86+0*(
>9':

"


µ+86+0Γ>>ω'71*;*0

 

 
$  $  
 
  
" 71* ;  71* .
" Γ   8  0     
$ ! 71* ! 

$*@
(2*.&)
 µ+86+00 
   
$ 
" 71*-
+0Γ,/*

9':
"
   	 "

(2(
>  "

 
$" 
 " 
"  "5 

 1" 0*0"" 
9':
   " 
   
"  
%
   
1
"%"


"
"
$


1$Γ

"


",./*
* .<

8%60  (2 
* &) 60      "

 


"*&)60µ+86+0*
1 2 3 4 5
1E-3
0.01
0.1
1 (a)
 
 
 H~0.16T
 H~0.75T
 H~1.05T
 H~1.4T
 H~2.48T
 H~3.59T
 H~4.72T
 H~6.11T
1/
T 1
 
 
 
(m
se
c)-
1
T (K)
0.1 1 10
1E-3
0.01
0.1
1
10
 H~0.16T   H~0.75T
 H~1.05T   H~1.4T
 H~2.48T   H~3.59T
 H~4.72T   H~6.11T
(b)Cu6 1H-NMR
 
 
1/
T 1
 
(m
se
c)-
1
gµBH/kBT
 >

* .;<

8%60  (
> 
* &) 60     
"



"*&)60
Z+86+0*


&	$&.&/
U- 
 &" 
" < #2,U-2@>&8@)/⋅8@)  -

""U
>C
!  6*0U-


$
8
%
$"

"
$

U
>C
,/*




"
$06$

$"*#*@
 "




"$
$



$
$
*0"


%
 $" "$ U2 ,>/*  U2   
 

   "



"
$

"


*
0 "


 
  


5$
$ 
 0  6!  $ 
 
     0  6

$2#!

 0
.6
$-#,>/*89	:
 "
"


"
 
 ,-!2/!  
" 
*
U2 0% 
0
%
 

 "$ 

 χ0!
χ  
" $* @  

! U- 0%0
%
 1
 
" χ0*0
     
 0%  Γ!  
"
  "
 
U>C
$*







,-!2/*

9	:$

"



$"	
,	.@&@((8.)2&(-8-9)./⋅(-8-9!
	.,4/!
*0	$"
"
"$


%
$"U2
	



	
C
&-6)	
.C
&)*
BA	
.C

"
B
 	
.C
  	
C
 * 0 " 
"
 9	:
   

"600≈BE	
&=

U)*
0.1 1 10
0.01
0.1
1
10
100
(b)
 
 
 H~0.5T    H~0.75T
 H~1.0T    H~1.2T
 H~1.37T  H~1.6T
 H~4.7T    H~5.5T
1/
T 1
 
 
(m
se
c)-
1
gµBH/kBT
1 10
0.01
0.1
1
10
100
Cr4 1H-NMR
(a)
 H~0.5T
 H~0.75T
 H~1T
 H~1.2T
 H~1.37T
 H~1.6T
 H~4.7T
 H~5.5T
 
 
1/
T 1
 
 
 
(m
se
c) 
 
-
1
T  ( K )
 >;

 

%
$"&98>),.&µ.%@8)&8').&8')./ &
.!
'
 ) ,/*8
 
  0
%
 0∼B! $ 
	.*



&''!	"







"
$9	:
 $ 
 
 
   ;;2  " "
 
 & 

"
"
"")*? 
1
$

$
9	:
"

"$

 5 
 *      
  "$ $   "


9	:
"$"
"




"

"
  

 
*    
 $  
  



1""
9	:

 
*?""
5""E

"

"

"*
? 
"
""


0
 " *
" "

"

 
  5 
"      
 
   5

"$$"*
"0I%
J 
1$
"$


*0

I%J
1$

"
"*

""

"$ 
 "


" 
$ 

 & +0≈ B )
 08
0
%
     
$ " ""  


  
* 0" 
    "  
 



$

"
 " "
 *  

 
    	    
"

 
 
    
  
"    
"5      
  "   %

!
%


"*0   
0       "$
"   

  
"$  $ 

  $"   

 


"  $"     
    
 

$    
 $""
$ * 
 1%
*  5
"
"

"
$$
"


$$"1""
"

"
%
 *@
"
  
   $  
  % 
    
  " 1$ 

 

   
"   
 
   
  
"    
"
*
 -

"

&+0OOB)

"


 

1""5*

9	:
&'()

 &'()  	 
   
 
$  
  

" 0
%
   
    *0 "  
 
1"
"5"*0"$9	:

$

F"







"$

 

"
"
9	:"
"*
$"9	:
"

"


"  $
 
*  

  5
  9	:  
 
"        
$
 


1"
"5

""""



*

1
2

? 

""

"$
1
*
"

  
"$" 




*0
"
"
E*



)33)3(-3!
,/ 3*Q*!./!--&;;>)*
,/ *	
*!("*=$*("!-4&)*
,./ #*? 
!#*=!8*B
Q*8
!*("**7*7*+!44
&;>)*
,>/ 0*'!(
$*4+.!>&;)*
,-/ 3*Q! *(! :* *(
!("**:*!  &;;2) R
#*'*0!(*3*3!Q*(!=$"!*
!3*Q*B*'
!
B*"*("**.!.&;;>)*
,2/ 0*	
$!=
*0
*=$*!.!.&;-2)R"!.4&;2)*
,4/ *+
	*	!=$*:*45!-&;4>)*
,/B*8*'"	*'!B*=$*<(*	
5!2;.&;;4)*
,;/B*0!*9*3!B*:*9

!B*("*=$*,+!4.&;;-)*
,/B*8*'"!	*'*+
!B*("*=$*, !422&;;)*
,/ B*=*+
!	*"+!	*9!Q*+
!	*U!  *
+
!=$*:*+!>;&;42)*
,/*'
!F*8*B!*+
!3*Q*(
!B**=$* +!
2;>2&;;)*
,./*'*+

!=*3

!3*Q!(*7*5!:*!7
$*'*+/!
..&;;2)*
,>/:*!8%'0!*:*!$? !B*+*U!#*!3*
Q!Q*(
!3*9*8
!B*"*("**/!>&;;.)*
 -
,-/B*U
*!("*7
*B* !44&)R*(

!B*
!0*
Q!7*'!(*	!3*:!*(
!*'*3
!*(
!
	*
!(*3*
!:*7*=*? $!3*Q!Q*"
!:*(!
=$*:*4.6!;>>-&.)*
,2/*'
!3*Q!*(
!D*+!	*Q*=*:
!=$*
:*4/6!-&;;)
,2/ 3*=
! *
! *:5!	* :! =*#

  	*'!
"*
,4/*
"!I0
9
	"J!(
=
&@ 
!
;2)*
,/0*	
$!=
*0
*=$* !.4&;2)*
,/*+
*:"!	:=0
!"
=
&;4;)
,;/*'
!3*Q!*+
*(
!=$*:*4//>.>&;;4)*
,/3*=
!+*B*!7*	!*'
![*
*+
!B*	*
	*	
*!
&(	.)*
,/ *8*+!	* '!*'
![*
! *+
! B*U 
 
*(
!*
,/+*+

!? *?


!'*(*"!B*Q*=
!(*=!	**9!:*


!3*	$!:*!*(!#*8!*+!'*0"!
B*	*	*	
**,7*!-&;;-)*
,./ (*3!3*Q! '*=
!:* ! #*? 
! 3*8!
*
("*+!.;;&;;.)*
,>/!B*:*
"!	*=*
!B*0E!:*F!=$*:*'*
6.!..&;;2)R'*0"!*'!:*+!3*Q!:*!+*
+

!9
 &')..!>- &;;2) R 	
!(*

!0*@"!(*
=! :* !  3* Q! =$* :* '* 6 ! >2>- &;;4)R ? *
? 


! * (! :* ! 3* Q! * (
! U*U
!  (*
=!=$*:*'* *!;2-&)*
,-/[*
!#*#"!*'
!*
!*+
!:*3*
Q!=$*:*4.*!;>>.;&)*
,2/*'
!=*(

!3*Q!(*

!B**'
(**!=$
+ 585,!&)R3*Q!=*(

*'
!=$+ 585,!
;>&)*
,4/ *'
! F*8*B! *+
! =*(

  3*Q! =$* :* '*
 !.44.&;;)*
,/	*9*'

3*'!=$*:*4.!2&)*
,;/B*U!*8
"%+
!:*!*:
!7
$*'*6!-.4
&;;>)R*8
"%+
!=*=! B*U!*B*	*=$*,!-44
&;;2)*
,./0*Q!0*#!0*#!#*!=$*:*+.6!>>&.)*
,./ *["" 0*9!=$*:* '* 5! -42. &)R8*8

*[""!=$*:*+2!->>;&.)*
,./*		*D!=$+.;!>>&.)R0*["!	*D*
	!=$+.;!4&.)*
 -
,../+*B*!3*=
!=*#

!7*	!*'
*+
!B*	*	*
	
*!
&(	.)*
,.>/*'
!F*8*B!*+
!*(
!3*:!*(=*(

!
=$*:*4.!2.;!&)*
,.-/*(
!*=$*:*4.,!44&;;;)*
,.2/*	
3*'!=$*:*'*.-.4.&;;;)R@*?"!7
$*
'*.,!.&)*R*(
3*'!=$*:*'* ,!2;&;;)*
,.4/ 
 9	: ! 	* (  *! B* =$* * B* /6! .4 &;)R Q*
(  *! =$* :* '*  ,! 4. &;;)R 	* (  *! =$
&"
")<*.49*64!-42&;;)*
,./*
"+*+$!I7
=
":0
J!
(
=
&@ 
!;4)*
,.;/	*8*B!F*8*B!*'
!*+
!8*8
!*(3*
Q!=$*:*'* +!4&;;;)*
,>/	*
!*(
!*'
!*+
!3*Q!B*8

!	*
8
!*Q*	*B!	*%8*B!=$*:*'*  !24&)*
,>/*'
!*+
!	%8*B!7*	![*
!F*8*B!*
(
!3*Q!	*8
B*U
!B*	*	*	
*!

&(	.!
)*
,>/*(
!*
!	*Q*=*:
!7
$*'*/,!&)*
,>./8*9*	$!B*=$**B*!6!-&)*
,>>/*(!	*
*Q*	*B!7
*=$*B*4+,!>2&)*
,>-/	*
*=$*:*+2!>>.&.)*
,>2/ 0*Q! 0* #! 0*#![* E! *@$"! B* 
! 0* 0 #*
!=$+ *8  !44&)*
,>4/[*
!#*? !#*#"!*+
3*Q!=$*:*4
.*!>>&)*
,>/0*#!0*Q!0*#!#*0!#*!=$*:*+2-!>>-
&)R0*#!0*Q!0*##*!=

*0
*=$*&*)
*/!.;>&)
,>;/*8*+!*#"![*
!+*B*!*+
!#*#"!*
(
!B*	*	*	
*!
&(	.)*
,-/[*
!*#"!#*#"!%8*+*+
!=$*:*4. !
>-&:)&.)*
,-/[*
!#*5!#*#"!*'
!*
!*+
!:*
!3*Q!	*(
$*'1*(
$*!+65!;&)&(

=
)*
,-/ :** :! =*B* +
! 3*9* 
$
! 3*9* 8
! *	*B* !
B*=$*<(*	
!-&)R	*8!'*=
!*	
!7*

!:*!*(!=$*:*4/.!;&;;4)R*	
!	*8!
8*(!8*
!8*D*Q!*U*
!*(!=$*:*'* +!
2 &;;;)  R * (
 ! :*  ! '* 
! 3* Q ! *'* +

 ! (*
3!=$*:*'* 5!-4&)*
,-./[*
!#*? !#*#"!*+
!0*!9*#$3*
Q! =$* :* 4 .6! 2>>2 &.)R #* ? ! [* 
! #*
#"!*+
!3*Q!	*(
$*'1*(
$*+65!-&)*
 -.
,->/[*=!*(!3*Q!:*!7*:!B*5
!
7*'
%+
!B*"*("**!-.>&;;;)R:*(!Q*"
!
*	
!:*!*(!3*Q!=$*:*'* !>4>>&;;)*
,--/
 "!3*Q:*!I	"<		
J
$B**	
	*3
&? $%U8(!U
Q"8!? "!)*
,-2/*0$+*+

!I	"<	 	
J$B**
	
	*3
&? $%U8(!U
Q"8!? "!)*
,-4/ F*8* B! * '
! * +
 3*Q! =$* :* '*  *! ;44!
&)*
,-/[*
!? *? !#*#"!F*8*B!*'
!*+

3*Q!=$*:*4.!>>2&)*
,-;/[*
!#*?!#*#"!*+
3*Q!=$++58
+++!>2&.)*
,2/0*#!8*3!+*"
!0*Q!#*0#*!=$++58+++!
4&.)*
,2/0*Q!0*#!*@$"!0*#![*5!#*!+*+


B*=*+
!=$++58+++!-&.)*
,2/ 
   <	*D! *	  * #!=$*:*4..! 4..;
&) R 
 	  < *	
! @*9*+
!8*+*+
"  '*B* B!
=$
!4>-&.)*
,2./
 "!	*'!*'*	'*BB!I	"<	
	
J $ B* *	
 	*3
 &? $%U8(!U
Q"8!
? "!)*
,2>/ [* 
! #* 5! #* #"! * '
  * +
!
B*	*	*	
*!
&(	.)R[*
!#*5!#*#"!:*
D!*'
*+
!=$*:*+!
R

9	:$

 
   [*
! #* 5! #*#"! :*D!
*'
*+
!B**=$*5+!4.&.)*
,2-/*'
!*0!Q*'!*+
!	*(
3*Q!B**
=$* /!>-.;&;;;)*
,22/*'*+

!*(!*(
!**+!3*Q!(*

!
:*!'*
!B*"*("**!-.&;;;)RQ*"
!*(


!:*(!8*(!*(
!	*
!3*Q!=$*:*4.*,!
>>.&)*
,24/3*=
!+*B*!*'
!*+
!*(*(
!B**
=$*5!44.&)*
,2/*'
!3*Q!*+
!*
!F*8*B!=*(

!=$*
:*4/6!->&;;)*
,2;/:*	*$!=*'*#!*=*:$!? *Q*	!9**3!(""*
!4&)R=$
,!!&)R=$*:*4.*!2>>&)*
,4/3*
!B*3!0*!:*+!9**3!:*	*$!=$*:*4/ !
:;>&;;)*
,4/:*+!+*F
!*Q

!3*
!F*#E!(*!*'!:*	*
$!9**3!=$*:*4.6!;>>&.)*
,4/	* 	*'!=$*:*4.+!>4&)*
 ->
,4./B*#*B!3*=
!:*U!+*B*!*+
!(*

!	*'!=*
#

*	
!B**=$*5!4.&)*
,4>/7*	!3*=
!*'
!=*(

!=*#

!*+
!	*'!
(*+!B*	*	*	
*!
&(	.)*
,4-/ I+"
5 < "  " 
J  $ 
	!B? !:
B*=*? "!U(8!&;;)*
,42/ 	%7*[*	%7!:*+*
'*Q
!B*	*	*	
*+/!2-
&;;.)*
,44/B*0E!\*\*F!7*+
B*	*8
]5!=$*:*'*65!4->
&;;4)*
,4/B*:*
"!D*U$!	*=*
!=$*:*4/.!4;.&;;4)*
,4;/3*3*"!B**"$!Q*Q
!3*=*3U5!3*'!=$*
:*'*. !.;&;;)*
,/F*8*B!+*B*!*'
!:*!*+
!B**	*:*5!
--4&)*
,/ 7*:
! 3*Q! *(
! *(*
! %'*+

! @**
**F!
*("*+/!>>4&;;2)*
,/[* 
!  * '
! F*8* B !  * +
! B* * =$* 6! 22-
&)*
,./[* 
!	*'! *+
!3*(* B!*U*	E! '*'*	
!3*
	
!B**+!=$*:*4.!2.-&)*
,>/	* '! ! +
! * +! =* (! * B! B*#* B! =* #

! 3*
	
!*	
!:*	
!3*=
!+*B*!	*0
$!=$*:*
4..!->>4&)*
,-/3*=
!+*B*!B*#*B!=*#

!:*U*+
!B**=$*
5+!4&.)*
,2/B*#*B!3*=
!F*8*B+*B*!*+
!	*'!=*#

*
	
!B**=$*5!4.;&)*
,4/+*B*!3*=
!#*B*B!*+!? **B![*B*#"3*[*B!B*
*=$*5+!4;&.)*
,/	*
!Q*3"!	*#
$!Q*=!U*0!*
#!=$*:*4./!>>&)*
